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Since their discovery at a nuclear reactor in 1956 [1] , neutrinos have been detected from an variety of sources: beam dump experiments [2] , cosmic ray interactions in the atmosphere [3] [4] [5] , the Sun [6, 7] , the Earth [8] , supernovae [9, 10] , and other astrophysical bodies outside our galaxy [11] . The detection of neutrinos from these many sources has led to profound insights across the fields of particle physics, nuclear physics, and astrophysics.
At present, no neutrino produced at a particle collider has ever been detected. Colliders copiously produce both neutrinos and anti-neutrinos of all flavors and, as we will discuss, most are produced at very high energies where neutrino interactions are not well studied. Collider neutrinos are therefore highly complementary to those from other sources, and there has been a longstanding interest in detecting them; see, e.g., Refs. [12] [13] [14] [15] . Nevertheless, collider neutrinos have not yet been detected for at least two reasons. First and most obviously, neutrinos interact very weakly. The probability for a neutrino to interact in a meter of water is roughly P ∼ 4 × 10 −13 (E ν /GeV) for the GeV to TeV energies of interest. Given the fluxes and energies of neutrinos produced at colliders and the typical sizes and coverage of collider detectors, neutrino interactions are very rare and difficult to detect above background. Second, the highest energy collider neutrinos, and therefore the ones with the largest interaction cross sections, are produced along the beamline. Collider detectors have holes along the beamline to let the beams in, and so are blind in this region and miss the enormous flux of high-energy neutrinos streaming down the beam pipe.
FASER, the Forward Search Experiment at the Large Hadron Collider (LHC) [16] , covers this blind spot. FASER will be located 480 m downstream of the ATLAS interaction point (IP) along the beam collision axis in the existing side tunnel TI12. The FASER location is currently being prepared with lighting and power, and a passarelle and support structures are already in place to safely transport detector components around the LHC. In this location, starting in Run 3 from 2021-23, FASER will provide sensitive searches for many proposed light and very weakly-interacting particles, such as dark photons, axion-like particles, and light gauge bosons [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
For the reasons noted above, the FASER location is also ideal to provide the first detection and studies of high-energy neutrinos produced at the LHC. Collider neutrinos are predominantly produced in hadron decays, and hadrons are predominantly produced along the beamline. Such neutrinos will easily pass through the 100 m of concrete and rock between the ATLAS IP and FASER, while almost all other standard model (SM) particles will be either deflected or absorbed before reaching FASER. FASER's neutrino detection capability was previously discussed in the experiment's Letter of Intent [33] and Technical Proposal [34] . Preliminary measurements were made by small, pilot emulsion detectors that were installed and removed in Technical Stops in 2018. These detectors were placed in TI12 and TI18, a symmetric location on the other side of ATLAS that was considered for FASER. As discussed below in Sec. V, these detectors have provided useful and encouraging data concerning background and signal rates in these locations. A recent study of Beni et al. [35] has analyzed various locations around the LHC for neutrino detection and has found that, incorporating the background results from FASER, TI12 and TI18 are the best locations among those they considered.
The to be located at the front of the FASER detector, and the floor of TI12 is being lowered there to accommodate it. A schematic view of the ATLAS far-forward region, neutrino trajectories, and TI12 is given in Fig. 1 , and a view of FASER and FASERν as they are proposed to be installed in TI12 is shown in Fig. 2 . This study explores FASER's ability to detect collider neutrinos for the first time and study their properties. For an integrated luminosity of 150 fb −1 collected during Run 3 of the 14 TeV LHC from 2021-23, 2 × 10 11 electron neutrinos, 6 × 10 12 muon neutrinos, and 4 × 10 9 tau neutrinos, along with a comparable number of anti-neutrinos of each flavor, will stream through FASERν. Assuming SM cross sections, this implies that 1300 ν e , 20,000 ν µ , and 20 ν τ will interact in FASERν. Notably, the mean energy of neutrinos that interact in FASERν is between 600 GeV and 1 TeV, depending on the flavor. These energies are above the energies of previously detected man-made neutrinos, but also below the energies of the neutrinos detected by IceCube. FASERν will therefore not only detect the first collider neutrinos, but will also probe neutrino interactions in an energy range where neutrino cross sections are unconstrained, with a host of interesting implications. As examples, FASERν will be able to bound ν µ interactions in the TeV energy range, add significantly to the handful of ν τ events that have been directly detected so far, and detect the highest energy man-made electron and tau neutrinos, and may also be able to constrain the charm content of the nucleon and probe non-standard neutrino interactions, possibly opening up a new window on physics beyond the standard model (BSM).
In Sec. II we briefly summarize existing constraints on neutrino cross sections from non- collider sources. In Sec. III we then estimate the neutrino fluxes passing through FASERν and the number of neutrino interactions expected in FASERν. In Sec. IV we present the detector design for FASERν, the signal characteristics in FASERν, and estimate the precision with which the neutrino energy can be measured. Background rates and the prospects for differentiating signal from background are discussed in Sec. V. In Secs. VI and VII, we discuss the detection of collider neutrinos, cross section measurements, and additional physics studies that can be performed at FASERν. Our conclusions are collected in Sec. VIII.
II. EXISTING NEUTRINO CROSS SECTION MEASUREMENTS
Neutrino scattering provides a window on the interactions of leptons with matter, particularly in the deep inelastic scattering (DIS) regime with neutrino energies E ν 10 GeV, where one can access fundamental neutrino-parton interactions. The main sources of highenergy neutrino measurements have been the neutrino beams from the CERN SPS (400 GeV proton) and Fermilab Tevatron (800 GeV proton) accelerators. The maximum attainable neutrino energy from these accelerator sources is 360 GeV, and there is not much data available at such high energies. The existing neutrino-nucleon charged current (CC) scattering cross section measurements for ν e , ν µ , and ν τ are shown in Fig. 3 . We now discuss each flavor in turn: ν e : There are several measurements of electron neutrino cross sections, however, most are at low energy. The most cited result on the DIS cross section is one from Gargamelle [36] , which reported ν e -nucleon cross sections up to 12 GeV. At higher energies, E53 [37] reported ν e -ν µ universality in their neutrino cross sections. DONuT [38] also reported consistency with lepton universality. There is no direct data available for ν e energies above 250 GeV. An indirect bound has been reported by HERA [39] , which studied the reaction e − p → ν e X and showed that their results are consistent with the SM and constrain the inverse reaction of ν e p interactions, where the equivalent fixed target neutrino energy is 50 TeV. Existing constraints on νN CC scattering cross sections, where N refers to an isoscalar nucleon in the target, and the expected energy spectra of neutrinos that interact in FASERν. For all three flavors, the FASER energy spectra are peaked at energies that are currently unconstrained. Left, ν e constraints: Bounds from E53 [37] and DONuT [38] . The bounds from E53 on σ νe /σ νµ and σν e /σν µ are multiplied by the current values of σ νµ and σν µ , respectively. Center, ν µ constraints: Bounds from accelerator neutrinos at energies below 360 GeV [40] and from IceCube at energies above 6.3 TeV [41, 42] . From Ref. [41] . Right, ν τ constraints: The constraint on the energy-independent part of the cross section C from DONuT [38] is shown (see text). DONuT's main systematic uncertainty from the D s differential production cross section is not included. For OPERA [43] , SuperKamiokande [44] , and IceCube [45] , we indicate the energy ranges of ν τ cross section results, but not the measured cross sections themselves (see text). ν µ : Muon neutrinos have been intensively studied thanks to the ease with which they are produced and detected. Data from accelerator-based experiments exist up to neutrino energies of 360 GeV [40] . Using atmospheric neutrinos, IceCube has constrained cross sections for neutrino energies above 6.3 TeV, albeit with relatively large uncertainties [41, 42] . The neutrino energy range between 360 GeV and 6.3 TeV is unexplored.
ν τ : The tau neutrino is the least studied neutrino. DONuT [38] is the only experiment that has reported the DIS cross section with accelerator neutrinos. The DONuT Collaboration has parameterized the ν τ -nucleon CC interaction cross section as σ = CE ν K(E ν ), where C is a constant with units of cm 2 /GeV, the expected linear dependence on neutrino energy E ν is explicitly identified, and K(E ν ) encodes the suppression of the cross section due to the non-negligible τ mass. They then report constraints on C, the "energy-independent part of the cross section." At lower energies, there are cross section measurements with oscillated ν τ from OPERA [43] and SuperKamiokande [44] .
Most recently, IceCube [45] also reported evidence of oscillated ν τ . The results from OPERA, SuperKamiokande, and IceCube are not easily compared with DONuT, as they have not provided constraints on the energy-independent part of the cross section, but their energy ranges are indicated in the right panel of Fig. 3 . Due to the size of the earth, the energy range of oscillated neutrinos is limited to several 10 GeV. There are no measurements of ν τ cross sections for energies E ντ > 250 GeV.
The energy spectra of neutrinos that interact in FASERν are also shown for the various flavors in Fig. 3 . (For the derivation of these spectra, see Sec. III B.) As one can see, FASERν has the potential to provide neutrino cross section measurements in currently uncharted energy ranges. This is especially notable for ν e and ν τ , where the cross sections will be measured at the highest energy ever.
The comparison of cross sections for three flavors will provide a test of lepton universality in neutrino scattering. In recent years, especially since the shutdown of the Tevatron in 2011, the focus of precision neutrino studies has been on low energies below 10 GeV [46] [47] [48] . The goal of these studies is primarily to constrain the ν e and ν µ cross sections to minimize systematic uncertainties for neutrino oscillation experiments [49] [50] [51] . At these energies, nuclear effects play an important role, and it is desirable to measure the cross sections experimentally.
On the other hand, recent results from collider experiments may suggest lepton universality violation in the decays B → D * ν [52] [53] [54] , B → K * [55] , and B + → K + [56] . The results may be explained by new, weak-scale physics. These flavor anomalies therefore motivate testing lepton universality in high-energy neutrino scattering, which may favor or exclude some of the proposed explanations.
More generally, it is also true that for many new physics scenarios, the BSM effects are most pronounced for heavy and 3rd generation fermions. This fact motivates probes of ν τ properties, which are almost completely unconstrained, as well as ν e and ν τ production mechanisms, which receive significant or dominant contributions from charm and beauty hadron decays.
III. NEUTRINO RATES

A. Neutrino Flux at the FASER Location
Neutrinos in the forward direction are predominantly produced in the decays of hadrons. These decays can either occur promptly at the IP or further down the beam pipe, depending on the lifetime of the hadron. Reliable estimates of the neutrino flux in FASER therefore require accurate modeling of the SM hadron spectra and also the LHC infrastructure in the far-forward region.
Hadronic interaction models, designed to describe inelastic collisions at both particle colliders and cosmic ray experiments, have improved greatly in recent years. We exploit this progress and use the Monte Carlo (MC) generators Epos-Lhc [57] , Qgsjet-ii-04 [58] , and Sibyll 2.3c [59] [60] [61] [62] , as implemented in the Crmc simulation package [63] . Additionally, we obtain the spectra of heavy mesons by simulating inelastic processes in Pythia 8 [64, 65] using the Monash-tune [66] and the minimum bias A2-tune [67] .
Charm and beauty hadrons decay approximately promptly, which allows us to simulate their decays with the MC generators. In contrast, the light hadrons are long-lived and decay downstream from the IP, which requires us to model their propagation and absorption in the LHC beam pipe. The forward LHC infrastructure [68] is shown in the bottom left panel of Fig. 1 . Located about 20 m downstream from the IP is the TAS front quadrupole absorber, a 1.8 m-long copper block with an inner radius of 17 mm that essentially absorbs all hadrons traveling at angles relative to the beam axis of θ > 0.85 mrad. The TAS shields the inner triplet of quadrupole magnets (Q1-3) and the separator dipole magnet (D1). 1 The inner
Type
Particles
Main Decays E Q S P Pions π + π + → µν √ √ √ -
Decays considered for the estimate of forward neutrino production. For each type in the first column, we list the considered particles in the second column and the main decay modes contributing to neutrino production in the third column. In the last four columns we show which generators were used to obtain the meson spectra: Epos-Lhc (E) [57] , Qgsjet-ii-04 (Q) [58] , Sibyll 2.3c (S) [59] [60] [61] [62] , and Pythia 8 (P) [64, 65] , using both the Monash-tune [66] and the minimum bias A2-tune [67] .
triplet consists of two MQXA quadrupoles (Q1 and Q3), oriented in the same direction as each other and orthogonal to the two MQXB magnets (Q2a and Q2b). Both the MQXA and MQXB magnets have field gradients of magnitude 205 T/m and apertures of diameter 70 mm [70] . The D1 magnet has a field strength of 3.5 T and an aperture of diameter 60 mm, and it is located 59−83 m downstream. In particular, the dipole magnet will deflect charged particles so that they are not moving towards FASER and will eventually collide with the beam pipe. Located ∼ 140 m downstream is the TAN neutral particle absorber [71] , which absorbs photons and neutral hadrons produced in the forward direction. For the purpose of this study, we ignore the variable beam crossing angle. A beam half crossing angle of 150 µrad shifts the position of the beam collision axis by 7.2 cm at FASER and leads to a small (3 -10%) reduction in the number of neutrinos interacting in FASERν, where the exact reduction depends on the neutrino flavor.
In modeling the propagation of charged mesons through the forward infrastructure, we treat the inner triplet as thin lens quadrupoles [72] , while the separator dipole field is treated classically. These magnets tend to deflect lighter, softer mesons away from FASER, and so the neutrino spectrum below ∼ 100 GeV is dominated by neutrinos produced in the vacant first 20 m of forward infrastructure. Higher energy mesons are focused towards the beamline by the inner triplet, then deflected away by the dipole. As a result, most of the neutrinos above 1 TeV interacting in FASER are expected to be produced in the inner triplet region, while a subleading fraction comes from the dipole or unmagnetized regions.
Neutrinos are produced in the weak decay of the lightest mesons and baryons of a given flavor. A list of the considered particles, the MC generators used to simulate them, and their main decay channels into neutrinos can be found in Table I . Note that except for pions and charged kaons, we simulated the meson decays using Pythia 8 and therefore also considered additional subleading decay channels not shown in Table I . Additional production modes, for example, from the decay of D mesons produced at the TAN or in collisions of the beam halo with the beam pipe, require a more careful study but are expected to be subleading.
The energy spectra of neutrinos going through FASER within a radius R = 10 cm of the beam collision axis are shown in Fig. 4 . The shaded band in Fig. 4 indicates the range of predictions obtained from different MC simulators, while the solid line corresponds to their average. We separate the different processes contributing to neutrino production into pion (blue), kaon (red), hyperon (orange), charm (dark green), and bottom (light green) Table I , and the solid contours are the average results of these MC generators.
decays. The 2-body decays of charged pions π ± → µν µ and kaons K ± → µν µ are the dominant sources of ν µ production. Note that kaon decays provide a larger contribution at higher energies due to the larger fraction of the parent meson energy obtained by the neutrino in kaon decays. Electron neutrinos are predominantly produced in 3-body kaon decays K → πeν e , with K ± , K L , and K S providing similar contributions.
Hyperon decays only provide a subleading contribution, with the notable exception ofν e production through the decay Λ → peν e , due to the enhanced forward Λ production rate. Charm decays can provide a sizable contribution to both ν e and ν µ production, both through D meson decays, as well as Λ + c → Λ + ν decays. Tau neutrino production mainly proceeds through both the decay D s → τ ν τ and subsequent τ decay. The decay of beauty hadrons does not constitute a sizable source of neutrino production in the forward direction, due to both the lower production rate of B particles and the fact that the resulting neutrinos have a broader distribution of transverse momentum with p T ∼ m b . [75] . Center: The energy spectrum of neutrinos with CC interactions in a 1-ton tungsten detector with dimensions 25 cm × 25 cm × 1 m centered on the beam collision axis at the FASER location. Right: The neutrino interaction rate per unit area normalized to the prediction at the beam collision axis for a detector with large radius.
B. Neutrino Interactions with the Detector
At the energies relevant for this study, E ν > 100 GeV, neutrino interactions can be described by DIS [73, 74] . The corresponding interaction cross section is roughly proportional to the neutrino energy σ νN ∼ E ν , resulting in an energy spectrum of interacting neutrinos that peaks at higher energies. We calculate the DIS cross sections using the NNPDF3.1nnlo parton distribution functions [75] , as shown in the left panel of Fig. 5 .
The ν e and ν µ cross sections are the same, but the ν τ CC cross section experiences a suppression due to the τ lepton production threshold [76] , which disappears by E ν ∼ 1 TeV. Additional large-nuclei nuclear effects, such as nuclear shadowing, appear to lead to a 20% effect [77] . This is not included in this analysis, but it is not expected to significantly alter our sensitivity estimates.
In the following, we consider a benchmark detector of pure tungsten with dimensions 25 cm × 25 cm × 1 m, which has a density ρ = 19.3 g/cm 3 , resulting in a total detector mass m det = 1.2 tons. (The actual FASERν detector has the same total tungsten target mass, but is extended by 35 cm in length by the inclusion of emulsion films.) The probability of a neutrino to interact with the detector is then given by
where N is the target nucleus, and m N is the mass of the target nucleus.
In the central panel of Fig. 5 , we show the energy spectrum of neutrinos interacting in the benchmark detector, assuming an integrated luminosity of 150 fb −1 for Run 3 at the 14 TeV LHC. Here we have combined all the different neutrino production modes. In Table II we present the expected event rates at FASERν. In the second column we show the expected number of neutrinos with energy E ν > 100 GeV that interact with the detector. In the third column we additionally take into account the acceptance rate to reconstruct a vertex by requiring the interaction to have at least 5 charged tracks (see discussion in Sec. IV). 965 GeV The last column shows the mean energy of the neutrino that interact in FASERν. In the right panel of Fig. 5 we consider a detector with very large radius and show the expected neutrino interaction rate per unit area in this detector as a function of the distance from the beam collision axis. The rates are normalized to the interaction rate per area at the beam collision axis. We can see that the ν µ beam is the most collimated with an event rate that falls off steeply for distances from the beam axis larger than about 10 cm. Electron neutrinos are mainly produced in kaon decay and inherit a slightly broader spectrum. Tau neutrinos are produced in the decay of heavy flavor hadrons, resulting in the least collimated beam. 2 In contrast, the flux of high-energy muons increases away from the beam collision axis. These muons, coming from the direction of the IP, are deflected by the LHC magnets causing an effective "shadow" along the beam collision axis and hence at the FASER location. As we will see below in Sec. V A, a FLUKA background study predicts an increase in the muon rate (and muon-associated backgrounds) of roughly a factor of 10 − 100 between the beam collision axis and a location ∼ 1 m displaced from it. We therefore see that a small detector, with a radial size of O(10 cm) placed on the beam collision axis has many advantages for neutrino searches.
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IV. THE FASERν DETECTOR
A. Detector Design
To study all three neutrino flavors, the detector should be able to identify the e, µ, and τ leptons produced by CC neutrino interactions. For this, we choose an emulsion detector. Emulsion detectors [78] have spatial resolutions down to 50 nm, better than all other particle detectors. A typical emulsion detector consists of silver bromide crystals with diameters of 200 nm dispersed in gelatin media. Each crystal works as an independent detection channel. The high density of detection channels (of the order of 10 14 /cm 3 ) makes emulsion detectors unique for detecting short-lived particles. Emulsion detectors have been successfully employed by several neutrino experiments such as CHORUS [79] , DONuT [38] , and OPERA [43, [80] [81] [82] . The same technique has also been used in hadron experiments, e.g., WA75 [83] and E653 [84] for beauty particle studies, and recently DsTau [85, 86] for charmed particle measurements.
The FASERν neutrino detector will be placed in front of the FASER main detector, as shown in Fig. 6 . It will be on the collision axis to maximize the number of neutrino interactions. Figure 7 shows a magnified view of the neutrino detector modules. The detector is made of a repeated structure of emulsion films interleaved with 1-mm-thick tungsten plates. The emulsion film is composed of two emulsion layers, each 70 µm thick, that are poured onto both sides of a 200-µm-thick plastic base; the film has an area of 25 cm × 25 cm. The tungsten target was chosen because of its high density and short radiation length, which helps keep the detector small and also localizes electromagnetic showers in a small volume. The whole detector has a total of 1000 emulsion films, with a total tungsten target mass of 1.2 tons, and its length corresponds to 285 radiation lengths X 0 and 10.1 hadronic interaction lengths λ int .
As the emulsion detector doesn't have time resolution and records all charged particle trajectories, the pile up of events is an issue. The emulsion detector readout and reconstruction works for track densities up to ∼ 10 6 tracks/cm 2 . To keep the detector occupancy low, the emulsion films will be replaced during every Technical Stop of the LHC, which will take place about every 3 months. This corresponds to 10 − 50 fb −1 of data in each data-taking period. We performed in situ measurements in 2018 (see Secs. V and VI A), which measured a charged particle flux of Φ ≈ 3 × 10 4 fb/cm 2 at the FASER location. When removed, the track density of the emulsion detectors will be roughly 0.3 − 1.5 × 10 6 tracks/cm 2 . Our experience with the in situ measurements in 2018 further demonstrated that we can analyze the emulsion detector in this detector environment. Assuming seven replacements during LHC Run 3 (one in 2021 and three replacements in each of 2022 and 2023), a total emulsion surface area of 440 m 2 will be used. The detector is being designed for easy transport across the LHC beamline and into and out of the TI12 trench, given that the emulsion detector will have to be replaced in four days or less.
On the other hand, thanks to the high density of TeV-energy muons, the emulsion films can be aligned precisely. Experience from the DsTau experiment, which has a similar track density of 400 GeV protons, shows that the position resolution of each hit in the emulsion detector is σ pos = 0.4 µm [86] . The angular resolution σ angle in the FASERν detector depends on the track length L tr through the relation
FIG. 7. Schematic of the detector structure and the topology of various neutrino signal events that can be seen in the detector.
For a particle with L tr = 1 cm, the angular resolution would be σ angle = 0.06 mrad.
The neutrino event analysis will be based on readout of the full emulsion detectors by the Hyper Track Selector (HTS) system [87] . HTS has a readout speed of 0.5 m 2 /hour/layer, which makes it possible to analyze 1000 m 2 /year of double-sided emulsion films effectively. After reading out the full area of the emulsion films, a systematic analysis will be performed to locate neutrino interactions.
As shown in Fig. 7 , the classification of ν e , ν µ , and ν τ CC interactions is made possible by identifying the e, µ, and τ leptons produced in the interactions. Electrons are identified by detecting electromagnetic showers along a track. If a shower is found, the first film with activity will be checked to see if there is a single particle (an electron) or an e + e − pair (from the conversion of a γ from a π 0 decay). The separation of single particles from particle pairs will be performed based on the energy deposit measurements. Muons are identified by their track length in the detector. Since the detector has a total nuclear interaction length of 10.1λ int , all the hadrons from the neutrino interactions will interact, except for hadrons created in the far downstream part of the detector. Tau leptons are identified by detecting their short-lived decays. Charm and beauty particles, with cτ ∼ 100 − 500 µm, are also identified by their decay topology.
Neutral current (NC) events are primarily defined as zero-lepton events. Those are partly contaminated by CC events with a misidentified lepton or by neutral hadron interactions. NC events require further study, and in the following discussion, we will mainly focus on CC events.
B. Features of High-Energy Neutrino Interactions
As we have seen before, the typical energy of neutrinos interacting within FASERν will be between a few 100 GeV and a few TeV. Let us therefore first look at some key features of high-energy neutrino interactions, which we can then use to identify a neutrino interaction and measure the neutrino energy. For the studies presented in this work, the Genie Monte Carlo v2.12.10 simulation package [88, 89] was used to generate events with the required neutrino flux and flavor spectrum interacting with a tungsten target nucleus. The "ValenciaQEBergerSehgalCOHRES" model configuration was used, but we note that the differences between Genie model configurations are focused on low-energy transfer physics (ν ∼ 1 GeV), not on the high-energy transfers that make up the majority of interactions in FASERν. In Genie, the deep-inelastic scattering model, which dominates the cross section at the relevant neutrino energies, is based on Bodek-Yang [90] , which uses parton distribution functions tuned to data from e/µ scattering on hydrogen and deuterium targets. Nuclear corrections are included based on charged lepton and neutrino scattering data on iron targets [91] . Hadronization is governed by Genie's "AKGY" model [92] , which uses PYTHIA6 [64] for the invariant masses W ≥ 3 GeV that are most relevant for FASERν. The high-W model is tuned to BEBC data on measured neutrino-hydrogen particle multiplicities [93] , although other authors have found better agreement with other datasets by retuning the model [94] . Final State Interactions, where particles produced at the interaction vertex can re-interact before leaving the nucleus, are modelled with Genie's INTRANUKE "hA" intranuclear cascade model [95] , which is tuned to π-iron and π-nucleon scattering data, and is then extrapolated to other targets with A 2/3 scaling, where A is the atomic number. An important deficiency of Genie's intranuclear cascade is that particles are transported through the nucleus independently, so cannot feel the potential from other interaction products. A comparison of the various available simulation packages and π-nucleus scattering data can be found in Ref. [96] . Genie provides default cross section splines that range up to 100 GeV. To generate neutrino interactions at higher energies, the cross section splines were re-computed by using a dedicated tool implemented in Genie.
In Fig. 8 we show distributions of topological and kinematic features of high-energy ν µ interactions simulated by Genie. The upper two panels of Fig. 8 show the multiplicities of charged tracks n tr and gamma rays n γ with momentum p tr > 0.3 GeV and angle θ < 45 • (relative to the neutrino direction) associated with a neutrino interaction vertex. These quantities are known to be correlated with W through the relation n tr ∝ const + log W 2 (the so-called Feynman scaling [97] ). Above 100 GeV, the track multiplicity grows slowly with the neutrino energy. The middle left panel shows the inverse of the emission angle tan θ, also called the slope, of the lepton with respect to the incoming neutrino direction. The average transverse momentum of the lepton in neutrino interactions is expected to be P ⊥ 30 GeV at E ν = 1 TeV. The lepton emission angle follows an inverse relation tan θ ∼ P ⊥ /E ν . The middle right panel shows the inverse of the median of slopes of all charged tracks, which has a behavior similar to the lepton slope. The muon and sum of hadron momenta, shown in the lower panels of Fig. 8 , are typically proportional to E ν .
As we have seen, high-energy neutrino interactions typically lead to a sizable number of charged tracks that emerge from the interaction vertex. When searching for neutrino interactions, we require a vertex to have at least five charged tracks n tr ≥ 5. The resulting vertex detection efficiency as a function of the neutrino energy is shown in Fig. 9 . We see that for high-energy neutrino interactions with energies above 500 GeV, the detection efficiency is above 80%.
We now consider ν τ CC interactions in FASERν. These produce τ leptons, which have 1-prong decays 85% of the time. In the right panel of Fig. 9 we plot the distribution of these events in the (τ flight length, kink angle) plane. The mean τ flight length is 3 cm. To detect a kink, we require that the τ crosses at least one emulsion film, the kink angle is bigger than 4 times the angular resolution given in Eq. (2) and more than 0.5 mrad, and the flight length is less than 6 cm, where the last requirement is implemented to reduce hadronic backgrounds. where the events are ν τ CC interactions in FASERν that produce tau leptons that decay through 1-prong decays. The black hatched region is excluded by the cuts described in the text; requiring the event to be in the unhatched region leads to a 75% τ detection efficiency.
With these requirements, the detection efficiency for 1-prong τ events is estimated to be 75%. The detection efficiency for the 15% of τ leptons that decay to 3-prong decays is expected to be similar to or higher than the detection efficiency in the 1-prong channel.
C. Neutrino Energy Reconstruction
High-energy neutrino interactions via DIS have a large energy transfer to the nucleus, resulting in significant hadronic energy. To estimate the neutrino energy, we therefore need to know both the leptonic and hadronic energies in the event, since E ν = E + E had .
Due to its high spatial resolution, the FASERν detector will precisely measure topological variables, such as track multiplicity and the slopes of tracks. As we will discuss below, the combination of these topological measurements allows one to estimate kinematic quantities, e.g., the charged particle momentum by multiple Coulomb scattering (MCS) and the electromagnetic shower energy. Those topological and kinematic variables can then be assembled with a multivariate method to estimate the neutrino energy.
Topological Variables: At the neutrino interaction vertex, the charged particle multiplicity (n tr ) can be measured. Given tungsten's short radiation length X 0 = 3.5 mm, most of photons start developing electromagnetic showers within 1 cm and can be associated with the vertex (n γ ). In contrast, given tungsten's much larger hadronic interaction length λ int = 10 cm, neutral hadrons are much more difficult to associate with the neutrino vertex.
The particle emission angle with respect to the neutrino direction is θ tan θ = P ⊥ /P , and therefore, in general, 1/θ ∝ P . The sum of inverses of the hadron track angle, |1/θ had |, is proportional to the total hadronic energy. Similarly, the median of the track angles of all charged particles is inversely-related to neutrino energy. 
where X 0 is the material's radiation length, and σ pos is the position resolution of each hit. 3 The value of P that gives the best fit is the reconstructed track momentum [98] .
The central panel of Fig. 10 shows a MC study of momentum reconstruction with the MCS method, assuming a position resolution of 0.4 µm and that the charged particles cross 100 layers of 1-mm-thick tungsten plates (28.5 X 0 and 1.0 λ int ). A linear relationship between the reconstructed and true momentum holds for momenta up to and beyond 1 TeV. The RMS momentum resolution obtained is 46% at 200 GeV and 57% at 1 TeV. Defining the largest momentum for which the MCS method can be used to be the momentum at which 90% of the particles' momenta can be measured to have P MCS < 7 TeV, the largest momenta can be calculated as a function of position resolution, as shown in Fig. 10 on the right. For the expected σ pos = 0.4 µm, the largest momentum is around 1.5 TeV. Calorimetric Electromagnetic Energy Measurement: Electromagnetic showers will be reconstructed in the emulsion detector. The shower energy can be measured by counting the number of track segments in the reconstructed shower and/or with a multivariate analysis combining additional variables such the shower's longitudinal and lateral profile. The energy resolution of such an algorithm is estimated to be σ E = 50%/ √ E for E in GeV [99] , implying an energy resolution of 25% for E = 4 GeV, and much better for higher energies. Another study with a similar detector technology reported energy resolutions below 15% for 50 and 200 GeV electron data [100] . However, in the case of FASER, a large number of low-energy background electron tracks produced by high-energy muons would limit the energy resolution. Therefore, we conservatively assume a constant γ energy resolution of 50% for further calculations.
A simple sum of the visible energy, which has the least dependence on the interaction generator, already gives a good estimate of neutrino energy, as shown in the left panel of Fig. 11 . The resolution in the right panel deteriorates and becomes unstable at high energy (E ν > 1 TeV) because of the difficulty of providing an upper bound on energy for the largest momenta in the MCS method.
To improve the neutrino energy reconstruction resolution, an artificial neural network (ANN) algorithm was built with inputs from the topological and kinematic observable shown in Table III , using the MLP package in the CERN ROOT framework [101] . For this study, ν µ CC events were simulated by Genie, smeared by the MCS and shower reconstruction resolution, and used to train and evaluate the ANN algorithm. The reconstructed neutrino energy is shown in Fig. 11 . An energy resolution of about 30% was obtained for the entire energy range relevant for FASERν. Although this result is promising, more careful study of the interaction generator may be needed, since Genie has not been validated for neutrino interactions with tungsten at the energies relevant for FASERν. This would include a crosscheck between the visible energy method and ANN method at lower energy E < 1 TeV. So far the energy measurement with the ANN algorithm has been tested only for ν µ CC events. We will extend this analysis to e and τ neutrinos and to NC interactions in the future. 
D. Global Reconstruction with the FASER Detector
So far, we have considered the capabilities of FASERν alone for the discovery and study of neutrinos. However, there may be significant advantages to coupling FASERν to the FASER spectrometer by using additional silicon tracker layers at the interface of FASERν with the main detector, as shown in Fig. 12 . Such a hybrid emulsion/counter detector was successfully used in detecting neutrino interactions in a series of experiments [38, 79, 80, 83, 84] . The FASER spectrometer can provide charge information and is also useful to improve the energy resolution. Moreover, a scintillator that is upstream of the emulsion detector provides an additional opportunity to identify an incoming muon, and so aids in differentiating muoninduced backgrounds from neutrino interaction events.
To find the correspondence between tracks in emulsion detectors and those in the electronic detectors, an interface tracker with high spatial resolution is required. The tracks emerging from neutrino interaction vertices have an angular spread of 30 mrad (p tr > 10 GeV), corresponding to a position spread of 3 mm at 10 cm downstream of the vertex. The interface tracker should have a spatial resolution of the order of 0.1 mm. The ATLAS silicon strip detector (SCT [102, 103] , 80 µm pitch), which is being used in the FASER spectrometer, and monolithic silicon pixel sensors [104] are promising candidates. Alternative detector technologies and structures, including interleaving the emulsion detector with some layers of electronic detectors, are currently being investigated.
In a combined FASER/FASERν detector, events can be reconstructed by matching multiple tracks between the emulsion and interface detector in position and angle. The trigger rate in FASER due to background muons is ∼ 100 Hz, and so event pile-up in a single event timing is rare: for the anticipated LHC bunch crossing frequency of 40 MHz, we expect an O(10 −6 ) probability for a muon to coincide with an event in FASERν. In each chunk of FASERν data (∼ 30 fb −1 ), about 4 × 10 8 muons are expected (see Sec. V). Most of these are single-track events. On the other hand, we expect O(10 4 ) neutrino and hadron events. Assuming we require positional matching to 1 mm in both dimensions of the 25 cm × 25 cm detector and angular matching of 10 mrad in the 50-mrad angular spread of background particle, the fake matching probability is (1/250) 2 (10/50) 2 = 6 × 10 −7 . By requiring that two or more tracks match, the correspondence between events in FASERν and the FASER main detector will be uniquely identified.
V. SIGNAL AND BACKGROUND CHARACTERISTICS
The signal of collider neutrinos scattering through CC interactions in FASERν is defined by the following characteristics:
1. A vertex is identified in the detector with at least 5 charged tracks associated with it.
2. The vertex is a neutral vertex, with none of the charged tracks connected to it entering the detector from the direction of the ATLAS IP.
3. The event points back to the ATLAS IP within the angular resolution of the detector, which, as discussed below, is of the order of 3 − 5 mrad for TeV neutral hadrons and neutrinos undergoing CC interactions in FASERν.
4. The total energy in the event is very high, with mean energies of 600 GeV to 1 TeV, depending on the neutrino flavor. As discussed in Sec. IV C, the resolution for reconstructing the neutrino energy is approximately 30%, and so events with energies in the 10 to 100 GeV range can be effectively distinguished.
5.
Among the charged tracks leaving the vertex is a high-energy lepton, identifying it as a CC neutrino interaction.
These characteristics make the neutrino signal a spectacular one that cannot be easily mimicked by other SM particles at the FASER location. In this section, before discussing background processes in detail and ways to differentiate them from the signal, we start in Sec. V A with an extended discussion of the detector environment. We discuss the particles present in TI12, their sources, and their fluxes, and describe the results of FLUKA and GEANT simulations and the validation of these results by the in situ measurements conducted in 2018. Given this context, we then turn in Sec. V B to a discussion of processes that can appear as a neutral vertex in FASERν and ways these can be differentiated from the neutrino signal. In Sec. V C, we then discuss the final requirement of identifying hard leptons leaving from the vertex. We show that the backgrounds may be reduced to very low levels, and we discuss the prospects for differentiating the high-energy leptons to disentangle the ν e , ν µ , and ν τ signals.
A. Detector Environment
As noted above, FASERν will be placed in side tunnel TI12 about 480 m away from the ATLAS IP. As shown in Fig. 1 , between the IP and FASERν there are many elements of the LHC infrastructure, including the TAN ∼ 140 m downstream from the IP, the dispersion suppressor region, and finally 10 m of concrete and 90 m of rock, which stops all hadronic particles that originate from the IP. In addition to this shielding, magnets deflect away the majority of charged particles produced in the forward direction.
The LHC infrastructure therefore naturally shields the FASER location from most particles produced at the IP. The remaining particles at FASERν can be grouped into four main categories, depending on their origin:
1. Muons produced either at the ATLAS IP or further downstream. Aside from neutrinos, muons are the only SM particles that can efficiently transport energy through 100 m of concrete and rock.
2. Secondary particles produced by muons in the rock in front of the detector or within the detector. Such secondary particles may create both electromagnetic and hadronic showers that mimic the signal.
3. Particles may be produced in beam-gas collisions, as well as proton-loss-induced showers in the dispersion suppressors at the transition between the LHC insertion and arc regions. Particles from beam-related processes require accurate modeling of the LHC infrastructure and beam optics. This has been done for the FASER Collaboration by the CERN Sources, Targets, and Interactions (STI) group [69] , which performed for this purpose state-of-the-art simulations based on the FLUKA code [105, 106] . The conclusion was that beam-related backgrounds are also negligible: the excellent vacuum in the LHC means beam-gas interaction rates are extremely small, and the dispersion function close to the FASER location minimizes proton losses in this region. These backgrounds do not contribute to the high-energy particle flux of most interest here, and the resulting particles also have the wrong directionality.
4. Cosmic rays may pass through FASERν. However, this potential background can be suppressed to negligible levels by requiring that they have high energy and point back to the IP within the angular resolution of the detector.
The particles of most interest are, then, muons and secondary particles. These have been investigated by the FLUKA simulation mentioned above, and the FLUKA results have been validated by in situ measurements with pilot emulsion detector data from 2018. We now describe the results of these simulations and the experimental data. The pilot emulsion detectors were placed in TI12 and TI18 in Technical Stops in 2018. Some of the emulsion detectors had a heterogeneous structure with successive layers consisting of film/film/film/tungsten/film/tungsten/film. The first three films were used to reconstruct tracks with a low energy threshold of E 50 MeV. In the last three films, low energy tracks were suppressed due to scattering in the 0.5-mm-thick tungsten plates, and these films were therefore used to reconstruct tracks with a higher energy threshold of E 1 GeV.
The results from these emulsion detectors are shown in the left panel of Fig. 13 . The angular distributions of charged particles entering the detector are shown for the two energy thresholds of E 50 MeV and E 1 GeV. A clear peak can be observed from the direction compatible with the ATLAS IP (θ x = 0). The tracks at larger angles are mostly composed of low-energy particles below 1 GeV, and they, therefore, will not contribute to background for the high-energy signal of our interest.
According to the simulations, more than 99.999% of particles with E > 100 GeV are expected to be muons and related electromagnetic components. The muon flux predicted by the FLUKA simulations is Φ 2 × 10 4 fb/cm 2 for energies E µ > 10 GeV, while the measured total charged particle flux was (3.0 ± 0.3) × 10 4 fb/cm 2 , which also includes softer particles with energies above 50 MeV. The measured flux within the main peak (within 10 mrad, corresponding to the high-energy component) was (1.9 ± 0.2) × 10 4 fb/cm 2 . The results of the simulations and measurements agree remarkably well, given the empirical and theoretical uncertainties that, in the latter case, can reach a factor of a few.
Given the aforementioned muon flux of Φ 2 × 10 4 fb/cm 2 going through FASERν, an LHC Run 3 integrated luminosity of L = 150 fb −1 , and a FASERν area of A = 25 cm × 25 cm = 625 cm 2 , we expect a total number of N µ = ΦLA 2 × 10 9 muon tracks with E µ > 10 GeV. This is a large flux, but, of course, single muons do not mimic neutrinos scattering in the detector.
However, when muons undergo photo-nuclear interactions in the rock in front of FASERν, as well as within the detector volume, they can produce secondary neutrons and other neutral hadrons that can mimic neutrino signatures. To estimate these particle fluences, we have performed additional extensive FLUKA studies, using the spectra of muons going through the detector obtained by the CERN STI group as shown in the right panel of Fig. 13 . The results obtained for neutrons emerging from rocks have been additionally compared with simulations employing GEANT4 [107] [108] [109] , with general agreement between the two. The total muon flux for E µ > 10 GeV can be divided into roughly equal contributions from positive and negative muons, while the high-energy part of the spectrum is dominated by µ − . The difference between the positive and negative muon fluxes is due to the complicated impact of the LHC optics on muon trajectories on their way to FASERν. As a result, when high-energy neutrinos are studied, background induced by positive muons plays a subdominant role and we subsequently focus on negative muons. Notably, the FLUKA interaction and transport code relevant for the production of muon-induced neutrons in rocks has been validated in the past against the experimental data collected for cosmogenic muons [110] . A similar study with GEANT4 can be found, e.g., in Ref. [111] .
It is important to note that the aforementioned impact of the LHC optics would lead to a significantly larger muon flux if FASERν were displaced from the beam collision axis. We illustrate this in Fig. 14, where we present the distributions of both negative and positive muons crossing the tunnel TI18, which is in a symmetric position but on the opposite side of the ATLAS IP with respect to the tunnel TI12. The results are based on the FLUKA simulations performed by the CERN STI group [69] . As can be seen, the on-axis position of FASERν is actually close to a local minimum of the flux for both types of muons, which makes it a particularly promising place to study the interactions of high-energy neutrinos.
In Table IV , we show the number of negative-muon-induced neutral particles that emerge from the rock in front of FASER (the first number in each entry) and pass through FASERν in Run 3 for several energy ranges: E > 10, 100, 300 and 1000 GeV. As can be seen, among neutral hadrons, the most numerous are muon-induced neutrons and anti-neutrons, followed by Λ baryons and a smaller number of kaons and other mesons. Most of these neutral hadrons are expected to interact in the first part of FASERν, since the hadronic interaction length in the tungsten is only ∼ 10 cm. These simulations show that roughly 3600, 440, and 10 neutral hadrons are expected with energies above 100, 300, and 1000 GeV, respectively. For all of these energy ranges, the number of neutral hadrons is far below the number of muon neutrino interactions expected. On the other hand, the dominant source of secondary particles passing through FASERν is muon interactions within the detector volume. The rates are shown as the second number in each entry in Table IV . This is especially relevant, if muon photo-nuclear interactions in some of the tungsten plates produce neutral hadrons that travel a typical distance of the hadronic interaction length in tungsten before interacting. Given a possible spatial separation between the parent muon track and secondary hadron interaction vertex, as well as the large total track density in the emulsion films, it is not possible to properly associate neutral hadrons with the parent muons going through the detector in most cases. We estimate that the relevant total contribution will be about an order of magnitude larger than the one coming from secondaries produced in rock. Importantly, however, secondary interactions of neutral hadrons produced in muon scatterings in the tungsten plates will be more uniformly distributed along the entire detector length. Similarly to the other sample, however, for all energy ranges above 300 GeV, the number of neutral hadrons is below the number of muon neutrino interactions expected.
In the left panel of Fig. 15 , we show the fitted energy spectrum of all neutral hadrons emerging from rock or produced within the detector volume. For comparison, we also show the spectrum of neutrinos interacting in FASERν. As can be seen, the number of signal neutrino interactions drops slowly with increasing energy, while the number of neutral hadrons drops exponentially to rates below the signal rate.
The angular distribution of neutral hadrons emerging from the rock in front of FASERν and entering FASERν is shown in the right panel of Fig. 15 . The angular distribution of neutral hadrons produced within the detector volume is not included here, but is expected to be similar. We find that most low-energy neutral hadrons will be produced with angles larger than the directional resolution of the detector, while high-energy ones are more collimated along the beam collision axis. The expected resolution for direction reconstruction of TeV neutral hadrons and neutrinos undergoing CC interactions in FASERν is approximately 3 − 5 mrad, while for ∼ 100 GeV neutral hadrons, it is closer to 10 mrad, as indicated by the vertical dashed line. As a result, we estimate that more than 90% of high-energy (> 100 GeV) neutral hadrons will have a reconstructed direction consistent with coming from the ATLAS IP. On the other hand, only about 20% of neutral hadrons with lower energy, E ∼ 10 GeV, will be produced with θ 10 mrad.
B. Background for Neutral Vertex Search
In the above discussion, we have estimated the flux of high-energy particles going through FASERν that could interact within the detector volume. We will now discuss in more details the corresponding expected interaction rates in the detector, as well as ways to discriminate between any possible background and the neutrino-induced signal events characterized by at least 5 charged tracks emerging from a single vertex.
On top of these discrimination methods, it is also important to mention that any muoninduced background could be significantly reduced when combined with electronic detectors, which can actively tag the parent muon and provide additional timing information about the entire event if other tracks are also detected. In the discussion below, we focus on differentiating signal from background with FASERν alone, but an interface with the FASER spectrometer could further improve this discrimination in the future.
Muons: By far the largest non-neutrino flux of high-energy particles going through FASERν is muons from the direction of the ATLAS IP. As discussed above, muons can source other background particles interacting within the detector volume. However, the parent muon in such events typically accompanies the secondary particles and passes through FASERν. The efficiency for detecting muon tracks exceeds 90% per segment of an emulsion detector. As a result, the number of events in which a muon passes the first n segments undetected is less than N µ × 0.1 n . We can see that after n = 10 layers (out of the total 1000), corresponding to the first centimeter of the detector, none of the N µ ∼ 2 × 10 9 muons passing through FASERν in Run 3 is expected to remain undetected.
Even when the first few layers of the detector are considered, to be misreconstructed as neutrino interactions, a muon interaction would have to produce at least 5 charged tracks in the detector that satisfy respective energy and angular cuts. The probability of this to happen is highly suppressed. We have actually not seen any such event in the FLUKA simulation with 10 9 muons impinging on a 1-mm-thick tungsten layer.
On the other hand, if these muons are attached to a neutrino interaction vertex, the event would look like a charged particle interaction. This will introduce an inefficiency in the neutral vertex search. The expected number of background muons per neutrino interaction vertex is N exp µ = πr 2 ρ, where r is the radius of the parent charged particle search, and ρ is the muon track density (per area). For r = 2 µm and ρ = 6 × 10 5 cm −2 (corresponding to 30/fb of data), N exp µ = 0.075. 7.5% of events could be discarded from the neutrino vertex candidates. The inefficiency could be reduced by requiring a significant scattering angle of parent track at the vertex. If the parent candidate is just a penetrating muon, it will not bend a single mrad at the vertex.
Photons: The next most abundant high-energy particles that could interact in FASERν are muon-induced photons. Photons emerging from the rock in front of FASERν will typically interact in the front layers of the detector, while the ones produced within the detector volume will often shower in the vicinity of the parent muon track. Importantly, EM showers are easily distinguishable from neutrino vertices as they typically correspond to only two charged tracks in the initial vertex from e + e − pair-production and more rarely to three charged tracks from photon scattering in the electron field. We have additionally studied photo-nuclear processes in the tungsten layers using FLUKA, generating two samples, each corresponding to 10 7 incident photons with energies E γ = 100 GeV and 1 TeV. We have found no events with 5 or more tracks that had enough energy and an angular distribution to mimic the neutrino signal.
Neutral Hadrons: A potentially important source of background is associated with a subdominant flux of muon-induced neutral hadrons that could mimic neutrino signatures in the detector when scattering in the tungsten layers. Although a detailed study of how to discriminate between this background and neutrino signatures is left for future study and dedicated multivariate analyses, it is useful to briefly summarize several features of the signal events to be employed for this purpose.
The ratio of the total number of high-energy neutrino signal events to the number of neutral hadron background events is expected to be S/B ∼ 3 by requiring a reconstructed energy E > 300 GeV, as can be deduced from Table IV . A further substantial improvement in the signal identification, as well as determination of the neutrino flavor for CC events, will be achieved by tagging an outgoing charged lepton in the interaction vertex as discussed below.
It is also possible for neutral hadrons crossing FASERν to leave a decay signature. However, for energetic neutral hadrons, the decay-in-volume probability is typically suppressed with respect to the probability of scattering in the tungsten layers. In addition, such decays are typically two-body decays that will not constitute background for neutrino searches, since they will not be identified as vertices with n tr ≥ 5 charged tracks. 4
C. Background for Flavor-Specific Neutrino Interactions
A further improvement in background rejection will be achieved by identifying charged leptons at the interaction vertex. This will reject most of the neutral hadron events. We discuss this briefly below for each individual neutrino flavor, beginning with the first target of FASERν, muon neutrino CC events. ν µ CC events: In the case of a CC interaction of a muon neutrino, an outgoing muon will leave an extended track in the emulsion detector that can be easily discriminated from background. The muon track will be identified by determining its length in the detector and by analyzing the momentum distribution of the tracks coming from the vertex. According to our Genie simulations, the muon is the highest momentum particle (HMP) in 72% of ν µ CC interactions with at least five charged tracks. This number increases to 93% after a distance of two hadronic interaction lengths, λ int , from the vertex, as hadrons are rejected based on their interactions in the tungsten layers. The HMP without any hadronic interaction is selected as a muon candidate.
The background to ν µ CC events are ν NC or neutral hadron events with a high-energy hadron mis-identified as a muon. To discriminate between these two, we consider two simple test variables. One is the angle φ between the HMP and the vectorial sum of momenta of all the other tracks, measured in the two-dimensional transverse plane. As the lepton and hadron systems have back-to-back kinematics in this plane, φ is expected to peak at 180 • . The second variable we can consider is the momentum fraction of the HMP with respect to the sum of all visible tracks, P HMP /Σ n i P i . The HMP is selected among the charged particles that pass at least 2λ int , which eliminates 86% of hadrons. As a result, for NC and neutral hadron interactions, the ratio P HMP /Σ n i P i peaks at small values. The scatter plot of these variables (including smearing discussed in Sec. IV C) is shown in Fig. 16 for muon neutrino interactions. The same plot for neutron interactions (E n > 100 GeV) is also shown on the right.
By applying the simple cuts φ > π 2 , P HMP > 20 GeV, and P HMP /ΣP > 0.15, the efficiency for identifying ν µ CC events with energies E ν > 100 GeV within the fiducial volume is µ,CC = 86%. Here the fiducial volume is defined to be the front 80% of the FASERν detector, which leaves at least two interaction lengths after the vertex for muon identification. In addition, a high event sample purity can be achieved, with N CC /(N CC + N NC + N neutral hadron ) = 86%. The purity increases for the case where the muon traverses more than 2 λ int . Also, the higher the energy, the lower the contamination from neutron background.
ν e CC events: An outgoing electron produced in the CC interaction of a high-energy electron neutrino will promptly initiate an EM shower, which can be easily distinguished from other charged tracks coming from the vertex. This greatly reduces the impact of any potential neutral-hadron-induced background for ν e CC interactions. In particular, high-energy EM showers could be initiated by decays of neutral pions, π 0 → γγ, when pions are produced in scatterings of neutral hadrons. However, these can be efficiently discriminated from single-electron-initiated showers based on the corresponding shower development and energy deposition in consecutive emulsion films. At the same time, we have verified, using simulations with the Qgsjet-ii-04 MC generator, that backgrounds from neutron interactions to ν e , in which a high-energy electron with E e > 100 GeV emerges from a neutron interaction vertex, are negligible, of order one per mille for 1 TeV neutron interaction. In addition, most of such background electrons come from 3-body decays of final-state pions, π → γee, produced in neutron scatterings. Therefore, they will once again initiate EM showers distinct from the ν e -induced signal.
An additional potential background is ν µ CC interactions, where an outgoing muon track overlaps with an EM shower from, e.g., a bremsstrahglung photon. However, if such a ν µ CC interaction takes place within the fiducial volume of the detector, the outgoing muon will be efficiently identified based on its extended track. Note that, for the high energies of our interest, the probability of a muon to lose much of its energy within the detector before it travels far enough to be identified, due to, e.g., catastrophic energy loss, is below 10 −4 . Muon-neutrino CC interactions are therefore expected to be a negligible background to ν e CC events.
ν τ CC events: In case of CC interactions of τ neutrinos, it is essential to exploit an additional signal feature associated with the displaced secondary vertex coming from decays of τ lepton. Possible sources of background for such a signature include NC interactions of other (dominant) neutrino flavors or neutral hadrons producing hadrons that could lead to a secondary displaced interaction vertex in the detector. However, these secondary vertices are typically characterized by a large track multiplicity, making it less probable for them to mimic, e.g., a 1-prong (high-energy) τ vertex. Another source of background is CC muon/electron neutrino interactions with failed muon/electron identification, especially when there is associated charm production in the neutrino interaction vertex. Notably, this was an important source of background for the ν τ searches performed by the OPERA experiment, because of the inefficiency of muon identification for low-energy muons. On the other hand, muon identification is much improved thanks to long high-energy µ tracks in FASERν, which allows one to significantly suppress this background. In addition, the aforementioned φ angle is again a powerful discriminator of ν τ from the NC, charm, and neutral-hadron-induced backgrounds, as it is typically large for outgoing τ leptons from the neutrino scattering events in contrast to the HMPs produced in background events.
VI. COLLIDER NEUTRINO DETECTION AND CROSS SECTION MEASURE-MENTS
Given the large number of high-energy neutrinos produced at the LHC, FASERν will be able to detect collider neutrinos for the first time and measure their interaction cross section at very high energies. In this section we describe these physics goals for FASERν in LHC Run 3 from 2021-23.
A. First Detection of a Neutrino at the LHC So far, no experiment has detected neutrinos from colliders. Although the other experiments at the LHC are equipped with massive detector components, the high background fluence of hadronic particles hasn't allowed them to identify neutrinos. In contrast, thanks to the hadron shielding of 100 m, the fluence of hadronic particles at the FASER location is extremely low. At the same time, FASERν is in a position where the high-energy neutrino flux is high, and FASERν will be the first experiment at the LHC with sensitivity to neutrinos.
In 2018 we installed a pilot neutrino detector, which consisted of two 15 kg modules. One module had 100 layers of 1-mm-thick lead plates and emulsion films, and the other module had 120 layers of 0.5-mm-thick tungsten plates and emulsion films. The transverse dimensions were 12.5 cm × 10 cm for each module. The modules were installed in plastic boxes and placed side by side on the beam collision axis, as shown in the left panel of Fig. 17 . The pilot neutrino detector collected 12.5 fb −1 of data from September to October 2018. During this time, about 40 ν µ CC interactions were expected to occur in the detector. The central panel of Fig. 17 shows a part of the reconstructed data. A track density of 3 × 10 5 tracks/cm 2 was observed. To find vertices in this data, we required multiple charged particles emerging from one point, and several vertex candidates were selected in a sub-sample analysis. The right panel of Fig. 17 shows a vertex candidate that was found in a sub-sample of analyzed data, which has no charged incoming particle. Such events demonstrate the capability of FASERν to observe LHC neutrinos. Further details will be reported in future publications.
B. Tau Neutrino Detection
Of the seventeen particles in the standard model of particle physics, the tau neutrino is the poorest measured. Directly detecting a ν τ requires that the neutrino beam has enough energy to produce a τ lepton (E ν > 3.5 GeV), which must then be identified. As τ leptons are short-lived (cτ = 87 µm) and their decays always involve tau neutrinos, which escape measurement, the identification of τ leptons is extremely difficult. DONuT and OPERA have observed ∼ 10 ν τ events each [38, 43] , and these datasets provide the primary information about tau neutrinos at present. Although SuperKamiokande and IceCube have recently reported higher statistics ν τ appearance in atmospheric oscillations [44, 45] , care must be taken when interpreting the physics in these cases as identification is only made through statistical means. In addition, those measurements rely on knowing the flux of atmospheric neutrinos, which has large uncertainties. As a result, despite the larger number of events, the resulting ν τ cross section constraints from SuperKamiokande and IceCube are at the ∼ 30% uncertainty level and comparable to OPERA. One also has to take into account that the measurements from oscillated ν τ neutrinos are at comparatively low energies (E ν < 70 GeV), while DONuT observed neutrino interactions in the fully DIS regime. In the future, the proposed SHiP beam dump experiment at CERN [112] may provide high statistics ν τ measurements up to E ν 150 GeV.
During LHC Run 3, FASERν will accumulate ∼ 20 ν τ CC interactions peaked at energies ∼ 1 TeV, as shown in Table II and about 17 ν τ events will be identified. This will roughly double the world's supply of reconstructed ν τ neutrinos and will allow them to be studied at much higher energies. [40] are shown in gray for σ ν and σν at accelerator experiments and for their weighted average at IceCube. The black dashed curve is the theoretical prediction for the average DIS cross section per tungsten-weighted nucleon, as introduced in Eq. (4). The solid error bars correspond to statistical uncertainties, the shaded regions show uncertainties from neutrino production rate corresponding to the range of predictions obtained from different MC generators, and the dashed error bars show their combination. Here we include the geometrical acceptance, vertex detection efficiency and lepton identification efficiency as discussed in the text.
C. Charged Current Cross Section Measurements
FASERν will be able to both identify neutrino events and estimate the corresponding neutrino energy. Assuming no new physics contribution to neutrino production, the observed neutrino spectrum at FASERν can be used to measure the neutrino interaction cross section. Additionally, the measured neutrino events and kinematics could provide valuable input for the tuning of MC tools used to simulate high-energy neutrino events.
Without an interface to the FASER spectrometer, FASERν will not be able to distinguish between the lepton charges. FASERν will therefore constrain the average of the neutrino and anti-neutrino cross sections
where σ ν and σν are the neutrino and anti-neutrino cross sections, and φ ν and φν are the neutrino and anti-neutrino fluxes, respectively. In the last step we have taken the fluxes to be roughly equal φ ν ≈ φν, consistent with the results in Sec. III B. The expected SM cross section is shown as a dashed black line in Fig. 18 . Existing measurements are shown in gray. Note that FASERν is sensitive to the tungsten-weighted cross section. Other experiments report the isoscalar-weighted cross section, but since tungsten has a very high neutron fraction (Y n = 1.48), a direct comparison of FASERν's measurements with those of other experiments must account for this difference. In Fig. 18 we show FASERν's expected sensitivity to constraining neutrino CC cross sections. The solid error bars show the sensitivity considering only statistical uncertainties, while the shaded region shows the systematic uncertainties from the range of neutrino production rates predicted by different MC generators. The combination of statistical and production rate uncertainties, added in quadrature, is shown as the dashed error bars. When estimating the sensitivity, we (i) require the neutrino to interact 2λ int before the end of the detector to permit muon identification and the development of electromagnetic showers needed for energy reconstruction, resulting in a geometrical acceptance of 80%; (ii) apply the energy-dependent vertex detection efficiency obtained in Sec. IV B; (iii) apply a 85% muon identification efficiency (see Sec. V C) and a 75% tau identification efficiency (see Sec. IV B); and (iv) assume the measurement is background free. Here we consider 5 energy bins per decade for ν e and ν µ , corresponding to an effective energy resolution of 58% for a bin. For ν τ we only consider one energy bin, given the low number of expected ν τ events. As discussed in Sec. IV C, our simulations suggest that an energy resolution for FASERν of about 30% is achievable.
We can see that FASERν significantly extends the neutrino cross section measurements to higher energies for both electron and tau neutrinos. For muon neutrinos, FASERν will close the gap between existing measurements using accelerator experiments and IceCube. Note that an additional interface between FASERν and the FASER spectrometer will allow one to distinguish ν µ andν µ . The muon-neutrino measurement is limited by the production uncertainty, but the tau-neutrino measurement is statistically limited. In the electron-neutrino case, both contributions are roughly equally important. This stresses the importance of a precise and accurate modeling of forward neutrino production for FASERν measurements.
Although FASERν can measure the interaction cross section, we note that it is difficult to identify viable models of BSM physics that significantly modify the total cross section at these energies. Uncertainties in the parton distribution functions used to calculate neutrino interaction cross sections only become relevant for E ν 10 7 − 10 8 GeV [113] . New physics models such as large extra dimensions could significantly increase the cross section above the scale of the new physics [114] , but the relevant parameter space has constraints from the LHC [115, 116] . Other new physics models such as neutrino Non-Standard Interactions could affect the overall rate.
VII. ADDITIONAL PHYSICS STUDIES
In addition to detecting collider neutrinos of all three flavors and measuring their cross sections at higher energies than observed from any previous man-made source, FASERν can explore the physics of neutrino production, propagation, and interaction at the energy frontier. This section sketches some of the diverse studies that will be undertaken. Thanks to copious production of neutrinos at the LHC, these studies may not be primarily limited by statistical precision, and therefore robust estimates of their physics reach must await a careful accounting of the detector performance and all relevant theoretical and experimental uncertainties. For the present survey, among the systematic effects neglected in whole or in part are: cross section uncertainties, including nuclear shadowing and anti-shadowing effects; final state interaction in the tungsten target nuclei; and biases, non-uniformity or other uncertainties in energy response and reconstruction, signal efficiency, and backgrounds. In what follows, only statistical errors and a rough estimate of neutrino production uncertainties (as characterized by the spread between several models) are included, unless otherwise stated.
A. Heavy-Flavor-Associated Channels
In addition to the inclusive CC cross section, we can also study specific neutrino interaction processes. One example is charm-associated neutrino interactions νN → X c + X. This process has been studied indirectly at a variety of neutrino experiments [117] [118] [119] [120] [121] [122] , which search for two oppositely-charged muons originating from the charged current interaction and the charm decay, respectively. In contrast, the CHORUS experiment has demonstrated that an emulsion detector can be used to identify the secondary charm decay vertex [123] . This approach permits better background rejection and also makes it possible to distinguish neutral and charged charm hadrons. Similarly, as discussed in Sec. IV, the FASERν detector will be able identify both charm and beauty hadrons based on their decay topology.
The charm-associated neutrino interaction processes are best parameterized as the relative charm hadron production rate
The systematic uncertainty from the neutrino flux normalization cancels in this ratio. In the left panel of Fig. 19 , we show the prediction for the weighted average of the fraction of charm associated (anti-)neutrino interactions, obtained using Pythia 8 with the NNPDF3.1nnlo parton distribution function, for all (black), neutral (orange), and charged (blue) charm hadrons. We see that, depending on the energy, 10% to 20% of neutrino interactions at FASERν produce a charm hadron, leading to a large event sample for these processes. Previous measurements obtained in the CHORUS and E531 experiments, probing neutrino energies E ν < 200 GeV below FASERν's sensitivity, are shown as gray error bars [123] . Note that since these measurements use a different target material and a beam with different neutrino/anti-neutrino ratio, and therefore cannot be directly compared with the FASERν predictions.
A similar search can be performed for beauty-hadron-associated neutrino interactions. In the SM, these processes are suppressed by O(V 2 ub ) 10 −5 , and the expected number of beauty-associated neutrino interactions is O(0.1) in Run 3. A larger scale experiment would be needed to observe a sizable number of beauty events.
It is important to note, however, that these heavy flavor event rates can be modified by BSM physics, such as W bosons, charged Higgs boson, and leptoquarks at the TeV scale. As mentioned in Sec. II, this possibility has been motivated by recent results from collider experiments, which provide tentative evidence of lepton universality violation in the decays B → D * ν [52] [53] [54] , B → K * [55] , and B + → K + [56] . Four-point interactions from BSM physics that may be contributing to lepton universality violation are shown in the left panel of Fig. 20 . These may correspondingly impact neutrino interactions through the diagrams shown in the center panel of Fig. 20 , enhancing otherwise exotic beauty-associated neutrino events, such as those shown in the right panel of Fig. 20 .
Of course, the LHC and other colliders not only motivate beauty-associated BSM physics, but they also provide strong constraints [124] [125] [126] [127] . We leave a careful study of the complementarity of FASERν and LHC searches in this area to future work. Left: Relative charm hadron production rate in neutrino interactions. The solid black curve shows the expected fraction of charm-associated neutrino interactions in the FASERν detector as a function of neutrino energy, obtained with Pythia 8. The dashed blue and orange curve further separate the fraction into charged and neutral charm hadrons, respectively. The gray error bars show the results of previous measurements obtained in the CHORUS and E531 experiments [123] . Note that these results cannot be directly compared due to the different neutrino vs. anti-neutrino beam compositions and the different neutron fractions of the target material for CHORUS and FASERν. Right: Electron (solid) and tau (dashed) neutrino interactions in FASERν using different intrinsic charm models in CT14nnlo-IC.
B. Neutrino Production and Intrinsic Charm
Assuming that we know the neutrino interaction cross section, we can use neutrino measurements at FASERν to analyze neutrino production in the very forward direction at the LHC. As we have seen earlier, the different hadronic interaction models differ at the 10 -50% level, depending on the flavor and energy, and therefore measurements of the neutrino spectrum at FASERν could help validate and improve these models. This is particularly interesting for neutrino production via heavy meson decays, which is sensitive to the poorly constrained charm parton distribution function. Besides the perturbative component described by DGLAP evolution, a sizable non-perturbative contribution to the charm parton distribution function is possible. We consider five parameterizations of this intrinsic charm component, as implemented in the CT14nnlo-IC parton distribution function [128] . The BHPS model predicts a "valence-like" intrinsic charm component, peaking around momentum fraction x ∼ 0.3, which will lead to an enhancement of forward high-energy charm-hadron production. The SEA model is parameterized by a "sea-like" non-perturbative function that is proportional to the light quark distributions.
In the right panel of Fig. 19 we show the ν e (solid) and ν τ (dashed) interaction rates in FASERν. The black line corresponds to the expected rate using the perturbative charm and non-charm contributions, and the shaded region shows the corresponding range of predictions obtained by using different generators. The colored lines correspond to the five intrinsic charm parameterizations in CT14nnlo-IC [128] . We see that an intrinsic charm component can significantly enhance the neutrino production rate in the regions where neutrino production in charmed hadron decay dominate: the high-energy regime of electron neutrino production, as well as tau neutrino production. The intrinsic charm parameterization shown in the right panel of Fig. 19 predicts an enhancement of up to a factor of 10 for the tau neutrino rate. In contrast, the flux of high-energy muon neutrinos is less sensitive to modifications of the charm production rate, which could be used to constrain the flux of neutrinos coming from kaon decays and therefore help to associate any possible excess of electron neutrinos with the charm component.
The measurement of forward neutrino production will be a key input for high-energy neutrino measurements by large-scale Cherenkov observatories, such as IceCube [129] , ANTARES [130] , Baikal-GVD [131] , and KM3NeT/ARCA [132] . IceCube has measured an as-of-yet unidentified high-energy component of the neutrino flux [133] . The dominant background to this new flux at lower energies is the conventional (from pion and kaon decays) atmospheric flux. There is also a prompt component of the atmospheric flux from the decay of heavy mesons that is expected to become dominant at higher energies, although no evidence of it has been found in the data so far as IceCube's constraints push down on theoretical models that have been very difficult to calculate [134] [135] [136] . A direct measurement of the prompt flux by FASER would provide important data not only for IceCube, but also for all current and future high-energy neutrino telescopes.
C. Sterile Neutrino Oscillations
For neutrinos with energy E ∼ 800 GeV propagating a distance L = 480 m, no oscillations are expected within the SM to a very good approximation. Thus any oscillation signal, either appearance of extra neutrinos above the expected rate or disappearance below the expected rate, is evidence of a new neutrino mass difference ∆m 2 that is inconsistent with the two mass differences that are already established.
By measuring a deficit or excess of neutrinos, FASER can identify sterile neutrino os-cillations fairly independent of flux uncertainties by leveraging the distinct shape of the oscillation signal and the fairly broadband beam of neutrinos produced by the LHC. Given typical energies of E ∼ 800 GeV and a baseline of L = 480 m, the sterile neutrino mass difference FASER will be sensitive to satisfies
which implies ∆m 2 41 ∼ 2, 000 eV 2 . Larger ∆m 2 41 's can also be constrained by observing an overall deficit in the normalization, up to normalization uncertainties.
Neutrino oscillations in a 3 + 1 framework are governed by the Hamiltonian
where M 2 ≡ diag(0, ∆m 2 21 , ∆m 2 31 , ∆m 2 41 ), the mixing matrix is U = U 34 U 24 U 14 U PMNS , and the PMNS matrix [137, 138] is the usual mixing matrix, U PMNS = U 23 U 13 U 12 . We ignore the standard CP phase, any new CP phases, and the matter potential, as they do not affect oscillations in this case. We parameterize the size of the mixing in each of the three sectors as |U α4 | 2 for disappearance measurements or sin 2 2θ αβ ≡ 4|U α4 | 2 |U β4 | 2 for appearance channels, where α, β ∈ {e, µ, τ }.
In the two-flavor approximation, the disappearance and appearance oscillation probabilities are P (ν α → ν α ) = 1 − 4|U α4 | 2 (1 − |U α4 | 2 ) sin 2 ∆m 2 41 L 4E ,
P (ν α → ν β ) = sin 2 2θ αβ sin 2 ∆m 2 41 L 4E
.
The oscillation probability and expected flux are shown in Fig. 21 for the disappearance channel and representative sterile parameters. This figure shows that the strength of the constraint comes from comparing the high-energy bins, where there is no oscillation, to the bins at the oscillation minimum (600 GeV in this example), where there is a deficit. For the appearance channels, the effect is most significant in the cases where the larger fluxes oscillate to the smaller fluxes, so ν µ → ν τ , ν µ → ν e , and ν e → ν τ . Next, we calculate the sensitivity to sterile neutrino parameters. We use 5 bins per decade of energy, corresponding to an energy resolution of 58%. This is conservative compared the expected neutrino energy resolution of FASERν, which is approximately 30% (see Fig. 11 ). In addition, although the LHC is not a point neutrino source, the fact that neutrinos are created at different locations has an effect on L/E that is smaller than the effect of the neutrino energy resolution and so is safely neglected. We calculate the sensitivity to sterile neutrinos assuming an integrated luminosity of 150 fb −1 . To estimate our systematic uncertainties, we marginalize over the production uncertainties using a pull term [139] in the following way. We assume that the reality is the average of the hadronic models and then take the upper and lower limits from the different models as the standard deviation of a Gaussian prior. Note that here we only consider production uncertainties discussed in Sec. III. Additional uncertainties, for example related to the detector response, require a careful study and are not considered at this moment. The contours are shown in Fig. 22 along with some previous constraints and anomalies from other neutrino experiments. We find that the effect of the production uncertainties are modest at worst and that FASERν will be quite competitive with global constraints in many cases. FASERν will be able to probe the Gallium anomaly [143] in the large ∆m 2 41 regime directly and, in general, probe a different region of parameter space than is probed by other experiments, whose sensitivities typically peak around ∆m 2 41 ∼ 1 eV 2 . The constraints continue up to large values of ∆m 2 41 , where fast oscillations result in an overall depletion in the flux. Constraints from other experiments at these large ∆m 2 41 's rely on normalization measurements, while FASER will have an unprecedented capability of probing large ∆m 2 41 ∼ 1, 000 eV 2 directly for the first time.
D. Other Probes of New Physics
There are numerous other potentially interesting topics in the neutrino sector that FASERν could be sensitive to including neutrino tridents [145] [146] [147] [148] which are also a portal to new physics [149, 150] , neutrino Non-Standard Interactions [151] [152] [153] , neutrino decay [154] [155] [156] , and the weak mixing angle.
In addition to neutrino searches, FASERν could also be used for BSM physics searches. One example would be long-lived particles (LLPs) which are both produced and decay in the emulsion detector, leading to displaced vertex signature. The precise spatial resolution of the emulsion detector allows to probe decay length in the cτ γ ∼ 1 mm regime. Such LLP searches would be complementary to those at FASER with decay length of cτ γ ≈ 480 m. Additionally, if FASERν is interfaced with the FASER spectrometer, one could also search for LLPs produced in FASERν and decaying in the FASER decay volume, probing FIG. 22. The 95% CL regions of sterile neutrino parameters that will be excluded by FASER assuming different normalization uncertainties. The regions to the right of the black dotted lines are already excluded by previous experiments [140] [141] [142] . The yellow shaded region in the upper left panel is the preferred region for the Gallium anomaly in the ν e disappearance channel [143] , and the blue shaded region in the lower center panel is the region preferred by MiniBooNE in the ν µ → ν e appearance channel [144] .
decay lengths of cτ βγ ∼ 1 m. Such searches are particularly interesting if the LLP is also produced in neutrino (or alternatively dark matter) interactions, leading to a neutral vertex in FASERν. An example of such a model, which could also explain the MiniBooNE anomaly [144] , has been discussed in Ref. [157] and consists of both a heavy neutral lepton and a dark photon with a lifetime that is appropriate for FASERν.
VIII. CONCLUSION AND OUTLOOK
At present, no neutrino produced at a particle collider has ever been detected, despite the fact that colliders are copious sources of neutrinos. For example, in Run 3 of the 14 TeV LHC from 2021-23, roughly 10 11 electron neutrinos, 10 12 muon neutrinos, and 10 9 tau neutrinos, along with comparable numbers of anti-neutrinos, will be produced in the farforward region of the ATLAS IP. These neutrinos will have TeV-scale energies, the highest man-made energies currently available, and detection of these neutrinos will extend the LHC's physics program in a new direction, opening up a new source of neutrinos to detailed study.
In this paper we have shown that FASERν, a proposed small and inexpensive subdetector of FASER, will be able to detect the first collider neutrinos and usher in a new era of neutrino physics at colliders. FASERν is a 25 cm×25 cm×1.35 m emulsion detector consisting of 1000 layers of emulsion films interleaved with 1-mm-thick tungsten plates, with a total tungsten target mass of 1.2 tons. Despite its modest size, by virtue of its location along the beam collision axis 480 m downstream from ATLAS, 1300 ν e , 20,000 ν µ , and 20 ν τ will interact in FASERν in Run 3, providing an opportunity for detailed studies of ν e and ν τ at the highest energies yet explored and ν µ neutrinos in a currently unexplored energy range between the energy ranges of accelerator experiments and IceCube.
In this study, we have reported detailed estimates of the neutrino fluxes and interaction rates in FASERν, and we have presented the expected features and capabilities of the FASERν emulsion detector. Detailed considerations of event features can yield a reconstructed neutrino energy resolution of 30% and angular resolution of ∼ 3 − 5 mrad for CC ν µ interactions. Neutrino CC events can be identified by requiring neutral vertices with 5 or more charged tracks, including a high-energy lepton, and requiring very high energies and tracks pointing back to the ATLAS IP greatly suppresses backgrounds. Furthermore, the FASERν emulsion detector module can be interfaced with the FASER spectrometer, which will provide the possibility to distinguish ν µ fromν µ through muon charge identification, as well as better energy reconstruction and background suppression.
Assuming SM cross sections, FASERν's physics prospects include detecting the first collider neutrino, significantly enhancing the world's sample of reconstructed ν τ events, measuring CC neutrino cross sections at uncharted energies, and probing models for forward particle production. These observations will have interesting implications for other fields. For example, the measurement of forward neutrino production will be a key input for highenergy neutrino measurements by large-scale Cherenkov observatories, such as IceCube, and observations of high-energy scattering rates will constrain poorly understood nuclear effects in high-energy lepton-nucleus interactions. Finally, FASERν will probe new physics, in particular because the flavor-sensitive detector design will allow studies of channels including τ , charm and beauty, which could be excellent probes of BSM effects in heavy flavor particles.
The study of collider neutrinos at the LHC will be a milestone in particle physics, opening the door to experiments at the energy frontier to make highly complementary measurements in neutrino physics, a topic typically considered to be wholly contained within the intensity frontier. As the first of its kind, FASERν may also pave the way for neutrino programs at future colliders. The success of FASERν would motivate future neutrino programs at the HL-LHC, with its 20-fold increase in integrated luminosity (3 ab −1 ) over Run 3, and potentially larger detectors. Such experiments will also provide timely input to the discussion of potentially much larger neutrino projects with masses of 10 to 1,000 tons at future colliders currently under discussion.
